The mucosal immune system of the intestine is separated from a vast array of microbes by a single layer of epithelial cells. Cues from the commensal microflora are needed to maintain epithelial homeostasis, but the molecular and cellular identities of these cues are unclear. Here we provide evidence that signals from the commensal microflora contribute to the differentiation of a lymphocyte population coexpressing stimulatory natural killer cell receptors and the transcription factor RORct that produced interleukin 22 . The emergence of these IL-22-producing RORct hi NKp46 + NK1.1 int cells depended on RORct expression, which indicated that these cells may have been derived from lymphoid tissue-inducer cells. IL-22 released by these cells promoted the production of antimicrobial molecules important in the maintenance of mucosal homeostasis.
The intestinal mucosal immune system is the body's largest compilation of immune cells. It is unique in that it develops in very close proximity to a vast array of microbes. Most lymphocytes in the intestinal epithelium and lamina propria are separated from the commensal microflora by only a single layer of epithelial cells. Such proximity allows the development of a close symbiotic relationship among the cells of the immune system, the intestinal epithelium and the commensal microflora 1, 2 . Immunological recognition of commensal bacteria, possibly involving Toll-like receptors, is required for the homeostasis and efficient repair of intestinal epithelial cells. It is believed that intestinal lymphocytes are involved in this homeostatic balance between the commensal microflora and intestinal epithelial cells [3] [4] [5] . Such interaction between lumenal microflora and intestinal epithelial cells has been demonstrated in studies involving animals raised in a sterile environment (such as 'germ-free' mice) showing that the expression of antimicrobial proteins depends on signals from the lumenal microflora 6 . However, the cells involved in the maintenance of intestinal homeostasis and the molecules that mediate intestinal homeostasis have yet to be identified.
The organized lymphoid structures in the lamina propria of the intestine are the cryptopatches, the Peyer's patches of the small intestine and the isolated lymphoid follicles of the colon 1 . The biological function of cryptopatches, which contain a uniform population of immature (c-Kit + ) lymphocytes that lack expression of markers associated with mature hematopoietic lineages (lineage negative (Lin -)), is poorly understood 7 . Most lymphocytes in the cryptopatches express the transcription factor RORgt (A002302) 8 . RORgt is required for the development of lymphoid tissueinducer cells (LTi cells), and mice lacking RORgt fail to develop lymph nodes and cryptopatches 9, 10 . Thus, it has been argued that cryptopatches might be the lymph node anlagen of the mucosa 11 . Cryptopatches and isolated lymphoid follicles are surrounded by dendritic cells that can extend their dendrites through the epithelial cell layer into the intestinal lumen and transmit innate immune signals to the lymphocytes in the cryptopatches or isolated lymphoid follicles 12 . These dendritic cells might link lumenal bacteria and the lymphoid structures of the intestinal lamina propria 13 . Cryptopatches are situated in close proximity to the crypts of the epithelium, which contain the two cell types widely believed to be central for epithelial homeostasis and protection: epithelial stem cells and Paneth cells, respectively. Thus, the organized lymphoid structures of the intestinal lamina propria might integrate signals derived from the lumenal microflora and from immune cells to regulate epithelial function.
Natural killer (NK) cells are lymphocytes of the innate immune system that produce proinflammatory cytokines (such as interferon-g (IFN-g)) and mediate cellular cytotoxicity 14 . NK cells develop in the bone marrow, express invariant stimulatory and inhibitory receptors that regulate their state of activation and are found in secondary lymphoid organs, peripheral blood and peripheral organs, including liver and lungs. Although NK cell-mediated 'natural cytotoxicity' has been detected in lamina propria lymphocyte preparations from humans and mice [15] [16] [17] , detailed characterization of NK cell populations in the intestinal mucosa has not yet been done.
Interleukin 22 (IL-22), a cytokine of the extended IL-10 family [18] [19] [20] , is produced by IL-17-producing CD4 + T cells (T H -17 cells), whereas T helper type 1 and T helper type 2 cells produce only small amounts of this cytokine [21] [22] [23] . IL-23 enhances the release of IL-22 by T H -17 cells 22, 23 . Although resting NK cells do not express IL-22 mRNA, small amounts of IL-22 mRNA have been detected in human NK cells stimulated with a combination of IL-2 and IL- 12 (ref. 24) . In the intestine, IL-22 is produced in an IL-23-dependent way during inflammation and promotes the expression of antimicrobial proteins and molecules involved in tissue repair (such as RegIIIb, RegIIIg, S100A8 and S100A9) 25 . However, the cellular sources of IL-22 remain unidentified. Notably, the heterodimeric IL-22 receptor is expressed exclusively by epithelial cells 24 . Such data indicate that IL-22 might be an important factor produced by lymphocytes to regulate epithelial homeostasis, protection and repair.
Inflammatory bowel disease is characterized by inappropriate immune stimulation caused by disturbances in the homeostatic crosstalk among the indigenous microflora, epithelium and the mucosal immune system 26 . Thus, understanding of the molecular and cellular requirements for mucosal homeostasis would be useful. Here we report the identification of an IL-22-producing lymphocyte population in the intestinal lamina propria that coexpressed NK cellrecognition receptors (such as NKp46, NKG2D and NK1.1) and RORgt. The appearance of these cells depended on RORgt and the presence of commensal microflora. Our data indicate that cues from lumenal bacteria 'instruct' the differentiation of a population of RORgt hi lymphocytes that coexpress NK cell-recognition receptors and might be derived from LTi cells. IL-22 produced by this lymphocyte population contributed to epithelial homeostasis by regulating genes involved in tissue repair and antimicrobial defense.
RESULTS

Immature phenotype of mucosal NKp46 + cells
To study the function of NK cells during mucosal immune responses, we analyzed the presence and phenotype of NK cells in the lamina propria of the gut. We identified NK cells as NKp46 + CD3 -cells, because NKp46 is a marker shown to be expressed only by NK cells 27, 28 . A sizeable fraction of lymphocytes of the lamina propria of the small intestine (Fig. 1a) and colon (data not shown) expressed NKp46. Notably, lamina propria NKp46 + cells coexpressed the IL-2-IL-15 receptor b-chain (CD122), which is the earliest marker of committed NK cell precursors and is expressed throughout differentiation of the NK cell lineage 29 (Fig. 1b) . Similar to splenic NK cells, lamina propria NKp46 + cells also expressed the stimulatory NK cell receptor NKG2D and the inhibitory receptor NKG2A (Fig. 1b) . Whereas splenic NK cells had uniformly high expression of NK1.1, mucosal NKp46 + cells of the small intestine could be further subcategorized into NK1.1 hi and NK1.1 int populations (Fig. 1b) . Further analysis of these mucosal NKp46 + CD3 -cells showed they had an unusual phenotype. Mucosal NKp46 + cells did not have appreciable expression of CD49b (DX5; Fig. 1b) , which is expressed by most mature NK cells in the spleen 30 , and they lacked expression of NK cell maturation markers such as KLRG1 and CD11b 31 . Costaining of NK cells with antibody to CD27 (anti-CD27) and anti-CD11b identifies NK cell populations with different maturation, migratory and functional properties 32 . Mucosal NKp46 + CD3 -cells included an unusually large population of CD27 -CD11b -cells not present in the spleen and other peripheral organs 32 (Fig. 1c) . Notably, lamina propria NKp46 + CD3 -cells lacked expression of the receptors Ly49A, Ly49C/I, Ly49D, Ly49H and Ly49G2 (Fig. 1b and data not shown) . The surface phenotype of these cells resembled that of immature NK (iNK) cells of the bone marrow, an observation supported by the finding that NKp46 + CD3 -cells expressed CD51 (integrin a V ), a marker believed to be expressed by iNK cells and NK cell precursors 29, 31 (Fig. 1b) . Further phenotypic analysis showed that mucosal NKp46 + cells expressed the markers of common lymphoid progenitors, such as the IL-7R a-chain (CD127) and c-Kit (CD117), and had an activated phenotype, as determined by their expression of the activation marker CD69 (Fig. 1b) . Thus, mucosal NKp46 + CD3 -cells have a phenotype resembling that of iNK cells of the bone marrow 29 .
Developmental requirements of mucosal NKp46 + cells Because the mucosal NKp46 + CD3 -cells expressed markers of NK cell progenitors as well as some markers of common lymphoid progenitors, we analyzed the molecular pathways required for the development of mucosal NKp46 + cells. As with splenic NK cells, the development of mucosal NKp46 + CD3 -cells proceeded normally in recombination activation gene 2-deficient (Rag2 -/-) mice but was considerably impaired in Rag2 -/-mice also deficient in the common g-chain (Il2rg -/-), which lack all lymphocytes 33 (Fig. 1d) . Thus, similar to splenic NK cells, mucosal NKp46 + CD3 -cells belong to a lymphoid lineage that does not require somatic recombination of immune receptors.
Reflective of the involvement of IL-15 in promoting the development and survival of NK cells, Il15 -/-mice have fewer NK cells in the periphery 34 . However, in the lamina propria, a fraction of NKp46 + CD3 -cells developed independently of IL-15 (Fig. 1e) .
Further analysis of CD3 -lamina propria lymphocytes showed that the NK1.1 hi subset was developmentally dependent on IL-15 ( Fig. 1f) and, similar to their number of splenic NK cells (Fig. 1g) , Il15 -/-mice had a much lower absolute number of lamina propria NK1.1 hi CD3 -cells (Fig. 1h) . Notably, the absolute number of lamina propria lymphocytes was also lower in Il15 -/-mice ( Fig. 1h) , which suggests that IL-15 is important for the homeostasis of lamina propria lymphocytes. In contrast to NK1.1 hi CD3 -cells, the NK1.1 int CD3 -subset was retained in Il15 -/-mice ( Fig. 1f) and their absolute numbers were diminished proportionally to the overall lower number of lamina propria lymphocytes (Fig. 1h ). These data demonstrate that mucosal NKp46 + NK1.1 hi cells have developmental requirements similar to those of peripheral NK cells and might therefore be part of the NK cell lineage. In contrast, NKp46 + NK1.1 int cells develop in the absence of IL-15 and follow a developmental program different from that of conventional NK cells.
NKp46 + cells localize in cryptopatches
We also analyzed the localization of mucosal NKp46 + cells in the mucosa. In this context, the coexpression of CD127, c-Kit and Thy-1.2 (CD90.2) by lamina propria NKp46 + cells ( Fig. 1b and data not shown) is notable, as it has been shown that a homogenous population of Lin -CD127 + c-Kit + Thy-1.2 + lymphocytes populates the cryptopatches of the intestine 7 . Approximately 20% of the NKp46 + cells localized in the cryptopatches of the intestine (Fig. 2a, left) , and we found single NKp46 + cells scattered throughout the lamina propria ( Fig. 2a, right) . Approximately 20-30% of all cells in the cryptopatches expressed NKp46 (Fig. 2a) . To extend our flow cytometry data (Fig. 1b) , we confirmed by immunofluorescence staining of tissue sections that mucosal NK cells did not express Ly49 receptors (Fig. 2b , right), whereas a substantial fraction of splenic NK cells expressed Ly49 receptors (Fig. 2b, left) . Rag2 -/-mice had normal cryptopatch development 7 and normal numbers of NKp46 + cells inside and outside the cryptopatches (Fig. 2c) , which confirmed our flow cytometry data (Fig. 1d) . Although Il15 -/-mice lacked the NK1.1 hi population of NKp46 + CD3 -cells (Fig. 1e ,f), they had normal cryptopatch architecture (Fig. 2c , middle) and had NKp46 + cells scattered throughout the lamina propria (Fig. 2c , right) and in cryptopatches (data not shown), albeit at lower numbers (Fig. 1h) .
RORct + subset of mucosal NKp46 + cells Initial data indicated that cryptopatches might be organs for the extrathymic development of mucosal lymphocytes 35, 36 , and subsequent data have shown that most cells in cryptopatches express RORgt 8 . RORgt is indispensable for the lineage commitment of LTi cells, which are required for the development of cryptopatches, isolated lymphoid follicle and lymph nodes [8] [9] [10] . We used mice with a green fluorescent protein (GFP) reporter cassette 'knocked into' the gene encoding RORgt (Rorc (called 'Rorc(gt)' here); Rorc(gt) GFP/+ and Rorc(gt) GFP/GFP mice) to investigate expression of RORgt by mucosal NKp46 + cells 37 . By immunofluorescence staining of tissue sections, we identified RORgt + NKp46 + cells, RORgt + NKp46 -cells and a few RORgt -NKp46 + cells in the cryptopatches (Fig. 3a) . Whereas RORgt + NKp46 + and RORgt -NKp46 + cells were also present outside cryptopatches scattered throughout the lamina propria, RORgt + NKp46 -CD3 -cells were rare outside cryptopatches (data not shown).
By flow cytometry, we identified three distinct populations of NKp46 + CD3 -lymphocytes of the intestinal lamina propria in terms of RORgt expression: RORgt -NKp46 + , RORgt int NKp46 + and RORgt hi NKp46 + (Fig. 3b) . These three populations all expressed the receptor NKG2D (data not shown) and could be further subcategorized by their surface expression of NK1.1 (Fig. 3c) . The RORgtNKp46 + and RORgt int NKp46 + populations had high expression of NK1.1, whereas the RORgt hi NKp46 + cells had intermediate expression of NK1.1 (Fig. 3c) . These populations were also readily detectable during analysis of the expression of NK1.1 and RORgt by CD3 -lamina propria cells (Fig. 3d) . All NK1.1-expressing lamina propria lymphocytes expressed similar amounts of NKp46 (data not shown).
We have called these populations of lamina propria lymphocytes RORgt -NKp46 + NK1.1 hi , RORgt int NKp46 + NK1.1 hi and RORgt hi NKp46 + NK1.1 int cells here. We confirmed the data from Rorc(gt) GFP/+ mice using intracellular staining to detect RORgt in mucosal cells from C57BL/6 (B6) mice (Fig. 3e) . Although the intracellular staining procedure allowed us to distinguish between RORgt hi and RORgtcell populations, we could not detect RORgt dim cells. The data reported above documenting cell populations coexpressing RORgt and NK cell markers contrasts with data generated by genetic fate-mapping studies, which indicate that true NK cells of the spleen do not express RORgt at any time during their development 8 . In this context, the intermediate expression of the NK1.1 marker by RORgt hi NKp46 + cells was notable, as the development of NK1.1 int CD3 -cells of the lamina propria was independent of IL-15 (Fig. 1f,h) . We investigated the development of mucosal NK1.1 + RORgt-expressing lymphocytes in mice lacking RORgt (Rorc(gt) GFP/GFP ). A larger fraction of RORgt -NKp46 + NK1.1 hi NK cells was present in the lamina propria of RORgt-deficient Rorc(gt) GFP/GFP mice, whereas this population was smaller in terms of relative and absolute numbers in the lamina propria of Il15 -/-mice ( Fig. 3b-f) . In contrast, RORgt hi NKp46 -NK1.1 -cells and RORgt hi NKp46 + NK1.1 int cells were absent from RORgt-deficient mice but were present in Il15 -/-mice ( Fig. 3b-f ). (Fig. 4a) . Although specific lysis of various tumor targets was low, mucosal NK cells showed some cell-mediated cytotoxicity, as depletion of all mucosal NK cells with a monoclonal antibody specific for NK1.1 abolished cytotoxicity (Fig. 4a) . Next we analyzed the cytotoxicity of purified RORgt hi NKp46 + NK1.1 int and RORgt neg-int NKp46 + NK1.1 hi cells. Notably, RORgt hi NKp46 + NK1.1 int mucosal cells showed almost no cytotoxicity, whereas RORgt neg-int NKp46 + NK1.1 hi NK cells showed some killing activity, albeit much less than that of splenic NK cells stimulated in the same conditions (Fig. 4b) .
Another important function of NK cells is production of the proinflammatory cytokine IFN-g during early stages of infection. Although mucosal RORgt neg-int NKp46 + NK1.1 hi NK cells produced IFN-g after stimulation with a combination of IL-12 and IL-18 or with phorbol 12-myristate 13-acetate in combination with the calcium ionophore ionomycin, RORgt hi NKp46 + NK1.1 int cells did not (Fig. 4c,  top) . We obtained similar data when analyzing IFN-g production by these lamina propria cell populations after in vivo priming of NK cell function (Fig. 4c, bottom) .
RORct hi NKp46 + NK1.1 int cells produce IL-22 but not IL-17 As RORgt is required for the differentiation of T H -17 cells, which produce IL-17 and IL-22, we analyzed the production of these cytokines by the various NKp46 + CD3 -lymphocyte populations in the lamina propria. By quantitative RT-PCR, we detected very small amounts of mRNA transcripts encoding IL-17A and IL-17F in sorted NKp46 + CD3 -cells from the intestinal lamina propria, whereas mRNA for both cytokines was easily detectable in mucosal CD3 + T cells that included a substantial fraction of mucosal T H -17 cells 40 (Fig. 4d,e) . We confirmed those data by intracellular cytokine staining. Whereas a large fraction of RORgt + mucosal T cells readily expressed IL-17A and IL-17F protein, only a small but reproducible fraction of RORgt hi NKp46 + NK1.1 int cells produced IL-17 ( Fig. 4f and data not shown) .
Quantitative RT-PCR data with highly purified cell populations showed that mucosal but not splenic IL-22 mRNA (Fig. 5a) . (Fig. 5b,c) . We further confirmed those data by intracellular cytokine staining with a monoclonal antibody specific for IL-22 (ref. 23 ; Fig. 5d ). Notably, RORgt hi NKp46 -NK1.1 -LTi-like cells did not produce IL-22 ( Fig. 5d) , which suggested that RORgt expression by itself is not sufficient to support IL-22 production.
In agreement with the requirement of RORgt for the differentiation of the IL-22-producing RORgt hi NKp46 + NK1.1 int population (Fig. 3b,d ), IL-22 mRNA and protein was absent from highly purified RORgt int NKp46 + NK1.1 hi CD3 -cells from mice lacking RORgt (Fig. 5e) . We obtained similar results with lamina propria NKp46 + CD3 -cells from RORgt-deficient mice (data not shown). Notably, sorted lamina propria NKp46 + CD3 -cells or sorted RORgt int NKp46 + NK1.1 hi CD3 -cells from mice lacking RORgt failed to produce IL-22 even after in vitro culture with IL-23, which strongly enhanced IL-22 production by NKp46 + CD3 -cells or RORgt hi NKp46 + NK1.1 int cells of RORgt-sufficient mice ( Fig. 5f and data not shown) . Thus, RORgt hi NKp46 + NK1.1 int cells are a source of IL-22 during homeostasis, and their differentiation requires RORgt.
Commensals promote RORct + NKp46 + differentiation Expression of the IL-22 receptor is restricted to epithelial cells 24 . Treatment of colon explants with IL-22 leads to the upregulation of antimicrobial proteins and genes involved in tissue regeneration 25 . Because it has been shown that the lumenal microflora promotes epithelial expression of a very similar set of genes 6 , we hypothesized that commensal bacteria might 'instruct' the differentiation and/or homeostasis of IL-22-producing RORgt hi NKp46 + NK1.1 int cells. To test that, we investigated the expression of RORgt and NK cell receptors in germ-free mice. RORgt neg-int NKp46 + NK1.1 hi NK cells and RORgt hi NKp46 -NK1.1 -LTi-like cells were normally represented in the mucosa of germ-free mice (Fig. 6a) . In addition, the function of these LTi-like cells in cryptopatch formation was not altered in germ-free mice 7 (data not shown). In contrast, absolute and relative numbers of RORgt hi NKp46 + NK1.1 int cells were lower in germ-free mice (Fig. 6a,b) . Although we noted some variation in the fraction of RORgt hi CD3 -lymphocytes in the lamina propria of normal mice, the ratio of RORgt hi NK1.1 int cells to RORgt hi NK1.1 -lymphocytes remained consistent. In germ-free mice, this ratio was much lower but returned to normal after recolonization of the germ-free mice with normal microbial flora (Fig. 6c) . Although fewer RORgt hi NKp46 + NK1.1 int were still present in germ-free mice, only a very small fraction produced IL-22, and IL-22 production could not be induced by stimulation with IL-23 (Fig. 6d) .
Studies have shown that RORgt mRNA expression is lower in intestinal CD4 + T cells obtained from Il6 -/-mice 40 . It is believed that IL-6 produced under the influence of the intestinal commensal flora is an important signal that promotes RORgt expression in intestinal T H -17 cells. Although Il6 -/-mice did indeed have fewer intestinal T H -17 cells (CD4 + RORgt dim T cells; data not shown), the ratio of RORgt hi NK1.1 int cells to RORgt hi NK1.1 -lymphocytes was normal in Il6 -/-mice (Fig. 6e) . These data collectively show that signals from the commensal microflora are required for the emergence of IL-22-producing RORgt hi NKp46 + NK1.1 int cells in the intestinal lamina propria.
We investigated the contribution of IL-22 produced by RORgt hi NKp46 + NK1.1 int cells to epithelial homeostasis by analyzing the expression by intestinal epithelial cells of genes encoding the IL-22-response molecules RegIIIb and RegIIIg, which are involved in tissue repair and antimicrobial responses 41 . Neutralization of IL-22 led to much less epithelial expression of RegIIIb and RegIIIg (Fig. 6f, top) . To determine the function of IL-22-producing RORgt hi NKp46 + NK1.1 int cells in the epithelial expression of these genes, we assessed RegIIIb and RegIIIg mRNA in epithelium isolated from mice lacking all T cells and B cells (Rag2 -/-mice) that were depleted of mucosal (Fig. 6f, middle) . Notably, depletion of all NK1.1 + cells led to much lower expression of RegIIIb and RegIIIg (Fig. 6f, middle) , which indicated that RORgt hi NKp46 + NK1.1 int cells are an important source of IL-22. In line with our findings that the differentiation of RORgt hi NKp46 + NK1.1 int cells depended on commensal microflora and RORgt, RORgt-deficient and germ-free mice also showed impaired expression of RegIIIb and RegIIIg (Fig. 6f,g ). Recolonization of germ-free mice normalized the expression of RegIIIb and RegIIIg (Fig. 6g ). 
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We were able to further distinguish three subpopulations on the basis of expression of RORgt and NK1. 44 , it is possible that dendritic cells surrounding the cryptopatches and extending their protrusions between the epithelium into the lumen might be key mediators in this process 12 . The expression of various stimulatory immunoreceptors by RORgt hi NKp46 + NKp46 + NK1.1 int cells is notable. Many of these receptors recognize ligands expressed by stressed and diseased cells 45 . Thus, RORgt hi NKp46 + NK1.1 int cells might be sentinels that sense damaged cells, leading to the release of homeostatic cytokines (such as .
The sensing of commensal microflora is important for epithelial homeostasis and the expression of antimicrobial molecules 3, 5, 6 . However, the molecular program initiated by these signals and the cellular intermediaries remained unknown. IL-22 may be an important participant in this, as the IL-22 receptor is expressed by epithelial cells but not by most hematopoietic cells 24 . Gene array data from IL-22-treated colon explants show that IL-22 induces the expression of genes encoding molecules that promote epithelial homeostasis, such as small secreted C-type lectins of the RegIII family 25 . Our data have established an important link between commensal microflora and RORgt hi NKp46 + NK1.1 int cells producing IL-22 that contributed to the homeostatic expression of IL-22-response genes.
On the basis of our data, we propose that cells in cryptopatches, whose function remains unknown, are more diverse than previously appreciated. Given their unusual location at the bottom of the crypts in direct proximity to epithelial stem cells and Paneth cells and their ability to produce homeostatic cytokines, IL-22-producing cells in cryptopatches may represent a central point of control of epithelial integrity. The mucosal immune system is evolutionarily ancient, and it was the autochthonous function of the immune system to protect surfaces in intimate contact to potentially hazardous pathogens before the development of organized secondary lymphoid organs. Our data have added to that perspective by showing that the mucosal immune system reacts to cues from the indigenous microflora, which 'instruct' the differentiation of IL-22-producing cells that express receptors able to sense cellular stress and epithelial damage.
METHODS
Mice. B6 and Rag2 -/-mice were from Charles River Laboratories. Il15 -/-mice and Rag2 -/-Il2rg -/-mice on a B6 background were from Taconic Farms. Germfree B6 mice were generated by transfer of embryos at the two-cell stage in sterile conditions into germ-free 'pseudopregnant' recipient female NMRI mice. After being weaned, the mice were randomly bred and were maintained in positive-pressure plastic isolators and provided a g-irradiated commercial diet and autoclaved water. Their germ-free status was verified by weekly culture of fecal samples. For recolonization experiments, germ-free mice were placed in cages with conventional B6 mice. Rorc(gt) GFP/+ mice 37 (a gift from D. Littman) were backcrossed eight to ten generations onto B6 mice. Il6 -/-mice 46 on a B6 background were provided by M. Kopf. Mice were used at 8-16 weeks of age. All experiments were approved by and were in accordance with local animal care and use committees (Regierungspräsidium Freiburg).
Preparation of lamina propria lymphocytes and isolation of intestinal epithelial cells. Lamina propria lymphocytes were prepared according to a published protocol 40 (detailed protocol, Supplementary Methods online). For preparation of intestinal epithelial cells, intestinal epithelium was removed from the underlying tissue by incubation for 10 min at 37 1C in 30 mM EDTA with calcium-and magnesium-free PBS, followed by vigorous shaking. Epithelial cells were collected by centrifugation and were washed. Multicellular epithelial aggregates were separated from contaminating cells and residual tissue by repeated differential sedimentation at 1g in ice-cold PBS 47 .
Immunofluorescence staining and flow cytometry. For cell surface analysis, cell populations were stained with fluorescence-conjugated antibodies (complete list, Supplementary Methods). A FACSCanto II or a FACSCalibur (BD Biosciences) was used for flow cytometry and data were analyzed with FlowJo software (Tree Star). A MoFlo (DAKO Cytomation) was used for cellsorting experiments.
Intracellular staining. Intracellular cytokine staining was done as described 44 . For intracellular detection of RORgt, cells were made permeable with Foxp3 staining solution according to the protocol provided by the manufacturer (eBioscience) and were stained with Alexa Fluor 488-conjugated monoclonal anti-RORgt (B2D; eBioscience).
In vitro stimulation and ELISA. Cell populations were cultured in vitro in the presence of human IL-2 (500 ng/ml; Novartis Pharma) and mouse IL-15 (50 ng/ml; Peprotech) and were stimulated for various times with IL-23 (10 ng/ml; Peprotech). Supernatants of these cultures were removed at various time points and assessed for IL-22 protein content by ELISA with the Quantikine Mouse/Rat IL-22 Immunoassay kit according to the manufacturer's protocol (R&D Systems).
Real-time PCR. RNA was isolated with the RNeasy Plus Mini kit (Qiagen). Total RNA was reverse-transcribed into cDNA with the High Capacity cDNA Archive kit (Applied Biosystems). An ABIPrism 7900 sequence detector (Applied Biosystems) was used for subsequent real-time PCR with TaqMan Universal Master Mix and the Assay-on-Demand system (Applied Biosystems), which include forward and reverse primers with a 5-carboxyfluorescein-labeled probe for the target gene (assays, Supplementary Methods). Expression of mRNA was calculated with SDS 2.1 software (Applied Biosystems). The amount of mRNA was normalized to that of the 'housekeeping' gene Hprt1 (encoding hypoxanthine guanine phosphoribosyl transferase), and expression was calculated as the 'n-fold' difference relative to Hprt1 according to the cycling threshold (C T ) formula 2 -DCT , where DC T ¼ C T (target) -C T (endogenous control).
Immunofluorescent staining of tissue sections. Small intestines and colon were fixed for 2 h on ice in a 4% (wt/vol) solution of paraformaldehyde. Excess paraformaldehyde was removed by incubation in fresh PBS. Fixed tissues were incubated overnight at 4 1C in 30% (wt/vol) sucrose. The next day, samples were embedded in optimum cutting temperature compound (Sukara Finetech), were frozen in liquid nitrogen and were stored at -80 1C until use. Cryostat sections 5 mm in thickness were collected on frosted slides and were rehydrated for 5 min with PBS. Sections were blocked and were made permeable in PBS containing 0.1% (vol/vol) Triton X-100, 0.1% (wt/vol) BSA, 20% (vol/vol) FCS and 10% (vol/vol) goat serum, followed by an avidin-biotin step to block endogenous biotin according to the manufacturer's protocol (Dako Cytomation). Slides were then stained with the appropriate antibodies (Supplementary Methods). Sections were washed three times for 5 min each and were mounted with mounting medium containing the DNA-intercalating dye DAPI (4,6-diamidino-2-phenylindole; Vectashield; Vector Laboratories).
In vitro assay of NK cell function. NK cell function was primed in vivo by injection of mice with 150 mg polyinosinic-polycytidylic acid (Sigma) or 100 ng lipopolysaccharide (Invivogen) as described 44 . The cytotoxic activity of NK cells toward target cells was determined with a standard 4-hour 51 Cr-release assay. Before the cytotoxicity assay, the percentage of NK1.1 + CD3 -cells in the lymphocyte population was determined and lymphocyte numbers were adjusted to contain the same number of NK cells.
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